Urinary arsenic (As) concentrations were evaluated as a biomarker of exposure in a U.S. population chronically exposed to inorganic As (InAs) in their ddnking water. Ninety-si individuals who consumed drinking water with As concentrations of 8-620 P/L provided first moring urine voids for up to 5 consecutive days. The study population was 56% male, and 44% was younger than 18 year of age. On one day of the study period, all voided urines were collected over a 24-hr period. Arsenic intake from drnking water was estimated from daily food diaries.
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Comparison between the concentration of As in individual urine voids with that in the 24-hr urine collection indicated that the. ncentration of As in urine was sble throughout the day.
Comparison of the concentration ofAs in each first morning urine void over the 5-day studyod indicated that there was little day-to-day variation in the co on of.As in urine. The concentration of As in drinking water was a better predictor of the concenton of As in urine than was the estimated intake of from driking water. The concentration of As in urine did not vary by gender. An age-dependent difference in the concentration of As in urine may be attributed to the higher As dosage rate per unit body weight in children dtn in adults. These findings suggest that the analysis ofa small number of urine samples may be adequate to estimate an individual's exposure to InAs from ddnking water and that the determination of the concentration of InAs in a drinldng water supply may be a useful surrogate for esmatin exposure to this metalloid. Key hptp://ehpnetl.niehs.nib.gov/doasl9991107p663 -667caldronabstraettml
Chronic exposure of humans to inorganic arsenic (InAs) has been associated with increased risk of cancer (1) (2) (3) , disorders of the peripheral vasculature (4), diseases of the cardiovascular (5) and cerebrovascular (6) systems, hypertension (7), diabetes (8, 9) , and reproductive failure (10) . Accurate estimation of magnitude, pattern, and duration of exposure is critical for a better understanding of the dose-response relationships that underlie these adverse effects of chronic exposure to InAs. Typically, epidemiologic studies have relied on a few measures of arsenic (As) in drinking water to estimate exposure. The use of such studies to assess dose-response relationships has been questioned based on uncertainties about the accuracy of quantitation of As in the water supplies and in the reconstruction of exposure (11,1X) . Improved estimates of exposure to As may be obtained by quantitation of the amount of As excreted in the urine. However, there are uncertainties about the relationship between exposure to As and its clearance in urine as a marker of exposure to As in drinking water. Previous studies have been inconsistent in methodologies used for the collection of urine samples (e.g., spot urines vs. first morning urines, single collections vs. repeated samples) (13) (14) (15) . Because these data have generally been analyzed and presented on a group basis, there is little information on intra-or interindividual variation in the output of As in urine independent of dose. In particular, there is little information on the extent of As exposure in U.S. populations that consume drinking water that contains As. The research described in this paper provides novel information on the pattern and extent of urinary As excretion in a U.S. population exposed to As in drinking water.
In the present study, we evaluated the excretion of As in urine in a Millard County, Utah, population that is chronically exposed to InAs from drinking water. We found that the concentration ofAs excreted in urine was highly correlated with the concentration of InAs in the drinking water supply and the concentration of As Diet information and As intake estimation. Study subjects kept a diet diary for 6 consecutive days starting on Monday. Each family was given measurement aids to estimate the amounts of different foods and beverages consumed. The food diaries used a mixture of different units such as cups, fluid ounces, cans, and gallons to collect consumption information. Total liters of drinking water consumed per day by each subject were estimated from water drunk during the day and the estimated amount of water contained in some foods prepared at home (e.g., beverages prepared from concentrates, soups, pasta, rice, and cooked oatmeal). Daily estimates of As consumption were calculated as the product of the number of liters consumed per day and the As concentration in the subject's drinking water source. Daily estimates were summed to calculate As intake over the 5-day study period. No As estimates were calculated for commercially precooked and prepared foods, locally produced meats and dairy products, and bottled or cannled drinks prepared outside the study area. The contribution of canned, fresh, or homegrown vegetables washed or cooked in drinking water were ignored in this study because of the uncertainty about the amount of waterabsorbed during preparation.
Sample collection and processing. All study subjects, regardless of age, followed the same procedure to obtain a urine specimen. Subjects were asked to provide the first urine voided upon waking [first morning void (FMV)] for 5 consecutive days starting on Tuesday. On one of the 5 sampling days, all voids were requested for a 24-hr period; each void was collected in a separate container. Each subject was given a commode specimen collectioni system (Sage Products, Inic., Crystal Lake, IL), a water-resistant laboratory marker, and a resealable plastic bag to coIntainl the sample during transport. Ihlle subjects placed the bowl-shaped device into the commode and collected the void (up to a maximnum of 700 mL of urine). After the lid was snapped tightly over the collection vessel, the plastic support webbing was removed from the vessel. On the day whetn more than one sample was collected, the subject recorded the approximate time of collection on the lid of the collection vessel. Each collectioll vessel was placed in the heavy duty plastic bag and the seal was closed. Urine samples were stored in a cold chest with frozen refrigerant packs provided for each family. Normally, the FMV was collected by the researchers each morning. On days when multiple voids were collected, the second anid subsequent specimens were delivered to the field laboratory in the afternoon and on the following morning.
In the laboratory, urine samples were transferred to labeled 500-mL graduated polypropylene conical centrifuge tubes. The volume was determined and recorded in the sample log. Bladder cells were separated from urine by means of centrifugation at 500 x g for 10 min. After several minutes of centrifugation, urine aliquots were removed from the top of the sample with a disposable serological pipette and transferred to 1 5-mI polypropylene plug seal centrifuge tubes. 1To avoid oxidation of As in urine by residual acid, centrifuge tubes used in this study were nlot acid washed. These samples for As analysis were quick-frozen on dry ice and shipped oni dry ice.
Arsenic in water. The analysis of InAs ill the drinking water source was performed bv the Utah State Departnment of Health, Division of Epidemiology and Laboratory Services (Salt Lake City. UT). Tap water samples were collected in the homes of potential subject families usinig acid-washed conitainiers provided by the state laboratory and transported to Salt Lake City for analvsis. Total As was determined using anl EtLAN 6000 ICP-mass spectrometer system (Ierkin-Elmer, Norwalk, CT) using U.S. Environmental Protection Agency method 200.8 (17) .
Arsenic in urine. Arsenite, arsenate, monorimethylarsonic acid (MMA), and dimethylarsinic acid (DMA) were measured by high performance liquid chromatography (HPLC)/hydride generation/atomic fluorescenace detection (HG/AFD) according to the procedure of Le and Ma (18) . Briefly, the HPLC consisted of a Gilson model 307 HPLC pump (Gilson, Middleton, WI), a Rheodyne 6-port sampling valve (Rheodyiie, Cotati, CA) with a 20-pL sample loop, and a 150 mm x 4.6 mm, 3- Statistical methods. To determine if the FMV is representative of the combined 24-hr voids, the total As concentration [total micrograms arsenic per milligram creatinine (TAs/c)] in the FMV was compared with the mean TAs/c of all subsequent voids using graphical methods, Pearson correlation, and linear regression. To test for variation in the TAs/c among the FMV collected over the 5-day study period, the percent differences in TAs/c were calculated between each day's FMV and the mean value for the FMV for the 5-day study period. The daily distributions of these percent differences were compared graphically with box plots. The associations between TAs/c in urine and the concentration of InAs in drinking water or the estimated intake ofAs were examined graphically and by statistical models. For these analyses, both the independent (drinking water As, estimated As intake) and dependent (urinary As) variables were log transformed. A mixed model (SAS Proc Mixed; SAS Institute, Cary, NC) was used to model the relation between the concentration of InAs in drinking water and the TAs/c. This procedure accommodates repeated sampling with missing observations. Variables for gender and age (< 18 years of age, 2 18 years of age) were induded in this analysis. To determine whether reduction of the number of urine samples used for quantitation of total As affected the accuracy of the exposure assessment, we compared the between-subject variability and the standard error of the predictors by using separate models for 1, 2, 3, and 5 voids per subject. The effect from estimated As intakes from drinking water used was analyzed in a mixed model, including five voids per subject. These results were compared with those from the model that used the concentration of InAs in drinking water. 
Results
Thirty families were initially recruited to participate in the study. Two families were lost to follow-up and 28 families with a total of 96 participants completed the sampling protocol (Table 1) . Because of the emphasis on families, approximately half of the subjects (44%) were younger than 18 years of age. Males comprised more than half of the study population (56%); there was a reluctance among teenage females to participate. None of the subjects reported smoking and none of the subjects had consumed alcohol within 48 hr of submitting a urine sample. Creatinine measurements ranged from 159 to 6,285 mg/L with adults averaging 1,601 (± 931) and children averaging 1,539 (± 740) mg/L. The concentration of InAs in home drinking water of study participants ranged from 8 to 620 pg/L. In addition, the drinking water supplies of work sites of several participants were sampled to compare exposure with As at home and at work. In all cases, the concentrations of InAs in home drinking water supplies exceeded those in the workplace. The As concentrations in home drinking water supplies were grouped into four categories whether the TAs/c in urine was stable throughout the day. Figure 1 compares the TAs/c in the FMV with the mean TAs/c in subsequent voids on the same day. The Pearson correlation (0.95) and the linear regression with an intercept and slope of 0.001 and 0.96, respectively, indicate that for a given day, TAs/c in the FMV is representative of a subject's TAs/c for all subsequent voids.
To test for between-day variation in the TAs/c, the TAs/c for each FMV for each subject was compared to that subject's 5-day average TAs/c in the FMV. Figure 2 presents the distribution of the percent differences between the 5-day mean TAs/c with the TAs/c for each FMV. This plot includes 21 subjects with fewer than five FMVs. Restriction of the analysis to the 75 subjects with five FMV voids yields a similar distribution of percent differences between the mean value and each day's value (data not shown).
In most epidemiologic studies, the concentration of InAs in drinking water has been used as a measure of exposure. Here, we compared the use of the concentration of InAs in drinking water with estimated As intakes to determine the better metric for assessing exposure. the relation between the log of mean TAs/c for five FMVs with the log of the concentration of InAs in drinking water and with the log of the estimated As intake. The plots show that the concentration of InAs in drinking water provides a better fit for the data than does the estimated As intake. The results of the mixed model regression analysis using log TAs/c are presented in Table 2 . The dependent variable is the log mean TAs/c for five FMVs. Models I-IV include the log of the concentration of InAs in drinking water; model V uses the log-estimated As intake. Gender and age are included in all models. These analyses found that either the concentration of InAs in drinking water or the estimated As intake is a good predictor of TAs/c excretion. Age had a small effect on the relation but gender had no effect. The values for the intercept of these models are -2.6 (models I-IV) and -2.1 (model V). A comparison of models I-IV shows that the standard errors of the predictors decrease slightly and the 95% confidence intervals narrow with an increasing number of voids. Because there are only small gains in the statistical power of the analyses with an increasing number of urine voids, it is unlikely that much is gained in practical terms when the number of FMVs for an individual is increased beyond two or three.
The estimates of between-subject variation of models IV (0.033) and V (0.078) can be compared to determine whether the concentration of As in drinking water or the estimated As intake from drinking water is a better predictor for TAs/c. The lower coefficient for model IV suggests that concentration of As in drinking water is the better predictor. Akaike's information criterion is another measure indicating that model IV better fits the data. This criterion has the value 177 for model IV and 140 for model V. An increase in the value is taken to be an improvement of fit for the model.
Discussion
In a U.S. population that has continuously consumed As-containing drinking water and for which there is excellent demographic data, the concentration of InAs in drinking water is a good predictor of the TAs/c in urine. The estimated intake of As calculated from the amount ofwater consumed directly or used in the preparation of food proved a less satisfactory predictor of the TAs/c. The failure of the estimated intake of As to improve the prediction of TAs/c likely reflects limitations in the methods used to estimate water consumption or the amount of water used in food preparation. Notably, the present study did not attempt to estimate exposure to As from the consumption of other foods or from inhalation. Because this population is relatively stable and the same wells have been used for many years by the families who participated in this study, it is likely that individuals are in a steady state condition relative to As ingestion and excretion. Within-day variation in TAs/c was relatively small for members of this study population and appeared to be independent of exposure as measured by As concentration in drinking water. Similarly, analysis of the between-day variation in TAs/c for this population indicated that the concentration of As in urine remained relatively stable over the 5-day study period. Hence, it may be possible to reduce the number of urine samples required to give a reasonably good estimate of the extent of exposure to As to one or two FMVs. Gender did not affect the relation between the concentration of As in drinking water and the TAs/c. This finding is in contrast to some earlier studies in which distinct gender-related differences have been reported in the magnitude and pattern of As excretion in urine (13, 21) . Age was a significant covariable in the relation between the concentration of As in drinking water and the TAs/c. The effect of age may be related to a difference in dosage level in adults and children (22) . In contrast, a recent study in a population in northern Argentina chronically exposed to InAs in drinking water did not find a consistent age-dependent difference in the TAs/c (23) .
This study provides novel data on the pattern of As clearance in urine in a U.S. population exposed to InAs in drinking water. It demonstrates that the concentration of As in urine is relatively stable throughout the day and over a period of 5 days. The stability of the output of As into urine suggests that members of this population were likely at steady state in terms of exposure to InAs.
The high correlation between the concentration of InAs in drinking water supplies and the concentration of As in urine suggests that over the range of exposures examined in this study, drinking water was the predominant source of exposure to As. The absence of a discernable contribution of food As to the urinary output of As in individuals who consume drinking water with low (< 10 pg As/L) As contents suggests that food As contributes little to intake of inorganic As in this population. Average daily intake ofAs from a North American diet is estimated to be approximately 38 pg (24) . However, if 10% of this As is present as inorganic, methyl, or dimethyl arsenic, then approximately 4 pg As would be contributed to the As in urine that would be detected by the analytical methods used in the present study. Hence, the contribution of food As might easily be obscured by the contribution of As obtained from the daily ingestion of 2 L of drinking water containing 10 pg of InAs/L. Analyses of the relation between the intensity of exposure to InAs in drinking water and the pattern of methylated arsenicals in urine in this population are currently under way.
